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a b s t r a c t
In this work we report the observed downconversion (DC) mechanism in Er3þ/Yb3þ-codoped tellurite
glasses (in mol%, 80TeO2–10Li2O–10TiO2). The samples were synthesized by the conventional melt-
quenching method and then studied using optical spectroscopy and thermal lens spectroscopy (TLS).
These characterizations enabled investigation of the radiative and nonradiative processes involved in
energy transfer from erbium to ytterbium. The visible Er3þ ﬂuorescence intensities decreased as
a function of the Yb3þ concentration, and there was a corresponding increase in the ytterbium emission
at around 980 nm. Simultaneously, there was a reduction in the heat-generated due nonradiative decays
(21%) when ytterbium was added. This temperature change was measured by TLS measurements and
the results corroborate with the indicated by spectroscopic interpretation.
& 2014 Elsevier B.V. All rights reserved.
1. Introduction
Renewable energy sources such as wind, solar, geothermal, and
biomass power, amongst others, are fundamental in modern
society in order to support sustainable growth in global energy
demand [1,2]. To this end, there has been an intensiﬁed search for
new technologies and materials for solar cell devices. The materi-
als investigated include semiconductors such as Si, CdTe, ZnO, and
GaAs, which use the photovoltaic effect as the principle of
operation. The main disadvantage of these devices is the low
efﬁciency of conversion of solar to electrical energy (for example,
30% for Si), due to the thermalization of electron–hole pairs and
the short transparency window of the semiconductor (greater
than 1000 nm) [3,4].
In order to minimize losses and increase the energy conversion
efﬁciency of solar cells, layers of different materials can be
combined with solar cell plates in order to apply the solar energy
absorbed by semiconductors in the UV–visible spectral regions.
The absorbed high energy photons are converted to low energy
photons by means of the downconversion (DC) mechanism, where
one visible photon is transformed into two photons in the infrared
spectral region with maximum answer to the solar cell. There has
been extensive investigation of DC processes involving cross-
relaxation (CR) in different hosts with Tm3þ/Yb3þ , Tb3þ/Yb3þ ,
Pr3þ/Yb3þ , and Er3þ/Yb3þ co-doped ions, where two Yb3þ ions
function as activators, especially involving the 2F7/2-2F5/2 transi-
tion (the energy bandgap of silicon semiconductors), while
another ion (for example Tm3þ , Tb3þ , Pr3þ , or Er3þ) acts as a
sensitizer [5–11].
Rare earth-doped TeO2-based systems are promising materials
for optical applications including optical ﬁbers, solid state lasers,
waveguides, optical ampliﬁers, optical modulators, optical tem-
perature sensor and frequency doubling [12–19]. Compared to
other glasses, this type of matrix presents advantageous optical
properties such as high linear and nonlinear refractive indices, low
phonon energy (750 cm1), wide optical window transparency
range (from 0.4 to 6 μm), and higher rare earth solubility com-
pared to oxide glasses [20]. In addition, this glass shows good
thermal and chemical stability, as well as a low melting point
temperature [21]. Our research group recently synthesized and
characterized Er3þ-doped tellurite glasses (TeO2þLi2OþTiO2)
[20]. The results obtained provided further evidence of the good
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optical properties of the ion-doped tellurite system and its suit-
ability for use in different optical devices.
Thermal lens spectroscopy (TLS) is an effective methodology for
the thermo-optical characterization of materials [23,24]. The basic
principle of the TLS procedure is the excitement of the sample with
a laser beam and, after absorption of the photon energy, measure-
ment of the dynamic process of the fraction of absorbed energy
converted into heat (φ) in the sample. This parameter is related to
the luminescence quantum efﬁciency (η), and in some cases it can
be used to quantify cross-relaxation processes in ion-doped sam-
ples [25,26].
In this work, the DC mechanism in Er3þ/Yb3þ co-doped tell-
urite glass was investigated using conventional spectroscopic
techniques, such as optical absorption, ﬂuorescence lifetime, and
emission spectroscopy. In addition, TLS was used to quantify the
fraction of heat created in the sample by the excitation laser beam,
which is related to the sample temperature. This parameter was
investigated as a function of the Yb3þ concentration, and it was
found that an increase in cross-relaxation was associated with
a decrease in the local temperature of the sample.
2. Experimental
Tellurite glasses (TLT) with nominal composition (99.5 – x)
(0.8TeO2þ0.1Li2Oþ0.1TiO2)þ0.5Er2O3þxYb2O3, where x¼0,
0.25,0.5, 1.0, 2.0, and 4.0 mol% were prepared by the conventional
melt-quenching method. The sample densities were determined at
room temperature using the buoyancy method based on the
Archimedes principal with water as the immersion liquid. From
these values the nominal ionic concentrations could be calculated
as x¼0, 1.1, 2.2, 4.4, 8.8, and 17.71020 ions/cm3. The uncertainty
for this ionic concentration was estimated by energy-dispersive
X-ray and it was not higher than 10%. The reagents (499.99%
purity, Sigma-Aldrich) were weighed out, mixed in an agate
mortar, and melted in a platinum crucible at 950 1C for 30 min
in air. The melt was poured into a stainless steel mold pre-heated
at around the glass transition temperature (Tg). Subsequently, after
thermal relaxation, the mold containing the glass was placed in a
furnace for annealing in order to reduce the mechanical stress
caused by thermal shock. The annealing was continued for 5 h at
the same temperature (Tg), after which the glass was slowly
cooled to room temperature. Finally, the glasses produced were
cut and polished to a thickness of 1.4 mm.
Ground state absorption spectra were obtained in the range
400–1100 nm using a Cary 50 UV–vis spectrophotometer. The
visible and infrared emission intensities were measured using
excitation at 488 nm with an argon laser. The luminescence signal
was guided to a monochromator (IHR320, Jobin-Yvon) and was
measured using a CCD or a cooled InGaAs detector. Photolumines-
cence excitation (PLE) measurements in 470–510 nm range were
made on a double-grating SPEX Fluorolog spectroﬂuorometer
(0.22 m, SPEX/1680) equipped with an Xe-lamp as the excitation
source and a PMT/R928 for detection. Measurements of the 4S3/2
level luminescence lifetime were performed using an optical
parametric oscillator (OPO) (Surelite, Continuum) pumped by the
third harmonic from a Nd:YAG laser (355 nm, 5 ns, 10 Hz, Surelite
SLI-10, Continuum).
The mode-mismatched dual-beam TLS conﬁguration was used
to measure the fraction of the absorbed energy converted into
heat when the glass system was excited by a Gaussian laser.
In this setup, an argon laser tuned at 488 nm was used as the
excitation source, and a HeNe laser at 632.8 nm was used as a
probe. Further details of the TLS methodology have been described
previously [21].
3. Results and discussion
Fig. 1 shows the absorption coefﬁcient spectra in the UV–visible–
NIR region for TLT glasses doped with 2.21020 ions/cm3 of erbium
and co-doped with different amounts of ytterbium (1.1, 2.2, 4.4, 8.8,
and 17.71020 ions/cm3). The absorption peaks shown in Fig. 1
correspond to transitions from the 4I15/2 ground state to excited
states of the Er3þ ion [27]. An overlap was observed between 4I15/
2-
4I11/2 and 2F7/2-2F5/2 transitions of the Er3þ and Yb3þ ions,
respectively, centered at around 980 nm. The total area of the
absorption in this overlap region showed a linear dependence on
the Yb3þ amount, conﬁrming the satisfactory incorporation of the
ions into the glass. As expected, the Er3þ f–f absorptions in the
visible spectral region remained unchanged when Yb3þ was added,
conﬁrming that the Er3þ ion concentration remained constant.
In order to better understand the following discussion of the
optical transitions, a partial energy level diagram of the Er3þ and
Yb3þ ions (Fig. 2) was constructed from the absorption spectra. In
Fig. 2, the solid arrows indicate absorption and emission transi-
tions, the dashed lines indicate the energy transfer from Er3þ to
Yb3þ by cross-relaxation (CR), and the sinuous lines represent
multi-phonon relaxation. Although is shown the most resonant CR
mechanism, it is important to mention that others less resonant
cross relaxations between these ions are also expected (not shown
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Fig. 1. Absorption coefﬁcient spectra of the Er3þ/Yb3þ co-doped TLT glasses.
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in Fig. 2), such as: (2H11/2:Er, 2F7/2:Yb)-(4I11/2:Er, 2F5/2:Yb) and
(4S3/2:Er, 2F7/2:Yb)-(4I11/2:Er, 2F7/2:Yb). Independently of them,
the presence of the CR mechanisms should reduce the Er3þ
emission from 4F7/2, 2H11/2 and 4S3/2 levels when Yb3þ is added
into the sample. This was conﬁrmed developing the visible
emission spectroscopy in 2.21020 ions/cm3 of Er3þ-doped and
2.2Er3þþ17.7Yb3þ (1020 ions/cm3) co-doped TLT glasses. Fig. 3
shows both spectra obtained with excitation at 380 nm. Note that
only the Er3þ transitions from 2H11/2, 4S3/2 and 4F9/2 to the 4I15/2
were observed, and there was an overlap between the 4F7/2-4I15/2
transition (around 488 nm) and a broad emission band from TLT
matrix (ranged between 400 and 500 nm) that turn difﬁcult to
distinguish the Er3þ luminescence. As mentioned, a reduction in
the luminescence intensity was observed when Yb3þ was added
in the TLT sample, evidencing downconversion effect.
Detailed luminescence study was developed in all Er3þ/Yb3þ
co-doped TLT samples set to investigate the inﬂuence of Yb3þ
concentration on the downconversion effect. The visible and NIR
emissions from Er3þ/Yb3þ co-doped TLT glasses excited at 488 nm
are illustrated in Fig. 4. Fig. 4(a) shows the Er3þ ion emissions
centered at 525, 545, 660, and 855 nm, corresponding to transi-
tions from the 2H11/2, 4S3/2, and 4F9/2 levels to the 4I15/2 ground
state, and 4S3/2-4I13/2, respectively (following the energy diagram
shown in Fig. 2). Although the erbium concentration was
maintained constant, it can be seen from Fig. 4(a) that there were
reductions in all emissions in the visible region when the ytter-
bium concentration was increased. The inset shows this reduction,
obtained by integration of the area between 510 and 580 nm.
There was a signiﬁcant reduction (75%) in the integrated
intensity of the visible Er3þ emission with the addition of Yb3þ .
This ﬁnding reinforce the evidence of downconversion effect in
the materials studied. A similar reduction has been observed
previously for the Er3þ/Yb3þ pair in Cs3Y2Br9, which was attrib-
uted to the DC effect [28].
In contrast to the visible emission, the NIR emission centered
at 980 nm increased at higher ytterbium contents in the glass
(Fig. 4(b)). This provides further evidence of the DC process,
explained by the resonant energy transfer 4I11/2:Er-2F5/2:Yb [5],
resulting in an increase in the population of the ytterbium
metastable state. The inset of Fig. 4(b) shows the integrated area
calculated between 900 and 1150 nm, as a function of the quantity
of Yb3þ ions. There was a linear relationship at low concentrations
of ytterbium, reaching a maximum at a concentration of approxi-
mately 8.81020 Yb3þ ions/cm3, followed by a reduction in the
emission at higher Yb3þ concentrations. This behavior had a
correspondent in the Yb3þ lifetime, which was practically con-
stant (0.42ms) up to 8.81020 Yb3þ ions/cm3 doped TLT glass
and it reduces approximately 12% for higher Yb3þ concentration.
This decrease could be related to energy migration due to inter-
action between the Yb3þ ions and impurities [29,30].
The NIR emission band centered at 1.5 μm, due to the 4I13/2-4I15/
2 transition of the Er3þ ion, is also shown in Fig. 4(b). This emission
decreased slightly when small amounts of Yb3þ were added to the
glass (up to 2.21020 ions/cm3). However, the emission remained
approximately constant for higher amounts of Yb3þ ions (42.2
1020 ions/cm3). A possible explanation for this is that since the
population of the metastable 2F5/2 level increased considerably
with the addition of Yb3þ , due to cross-relaxation, there was
probably a transfer of its energy to the resonant 4I11/2 level of the
Er3þ ion (back energy transfer effect). From this level, it is likely that
Er3þ relaxed nonradiatively to the 4I13/2 level, so no luminescence
was observed in this region, and then returned to the ground state
while emitting at 1.5 μm with a ﬂuorescence quantum efﬁciency of
approximately 50% [22].
The results presented so far suggest that there was an energy
transfer from Er3þ to Yb3þ , by means of the DC process, from the
visible wavelength (high energy) of the erbium to the near
400 450 500 550 600 650 700
0
1
2
3
TLT glass emission
4I15/2
exc=380nm
       (x 1020 ions/cm3)
 2.2Er + 0.0Yb
 2.2Er + 17.7Yb
In
te
ns
ity
 ( 
ar
b.
 u
ni
ts
 )
Wavelength (nm)
4F9/2
4I15/2
4S3/2
4I15/2
2H11/2
Fig. 3. Visible luminescence spectrum for 2.21020 ions/cm3 of Er3þ doped TLT
glass and also for the 2.21020 ions/cm3 of Er3þ and 17.71020 ions/cm3 of Yb3þ
co-doped TLT glass, with λexc¼380 nm.
0
2
4
6
8
10
520 540 560 700 800 900 1000 1200 1400 1600
0.0
0.5
1.0
1.5
2.0
-2 0 2 4 6 8 10 12 14 16 18 20
40
60
80
100
120
140
160
180
2H
11/2
4I
15/2
Yb3+ concentration (  1020 ions/cm3)
In
te
gr
at
ed
 in
te
ns
ity
 (a
rb
. u
ni
t)
4S
3/2
4I
15/2
+
4S3/2
 4I13/2
4F9/2
 4I15/2
4S3/2
 4I15/2
2H11/2
4I15/2
    (  1020 íons/cm3)
 2.2Er + 0.0Yb
 2.2Er + 1.1Yb
 2.2Er + 2.2Yb
 2.2Er + 4.4Yb
 2.2Er + 8.8Yb
 2.2Er + 17.7Yb
In
te
ns
ity
 (a
rb
. u
ni
ts
)
Wavelength (nm)
0 2 4 6 8 10 12 14 16 18 20
10
20
30
40
50
60
70
2F
5/2
2F
7/2
In
te
gr
at
ed
 in
te
ns
ity
 (a
rb
. u
ni
t)
Yb3+ concentration (  1020 ions/cm3)
4I13/2
 4I15/2
Yb3+: 2F5/2
 2F7/2
Er3+: 4I11/2
 4I15/2
    (  1020 ions/cm3)
 2.2Er + 0.0Yb
 2.2Er + 1.1Yb
 2.2Er + 2.2Yb
 2.2Er + 4.4Yb
 2.2Er + 8.8Yb
 2.2Er + 17.7Yb
 In
te
ns
ity
 (a
rb
. u
ni
ts
)
Wavelength (nm)
Fig. 4. Visible (a) and NIR (b) emission spectra of the Er3þ/Yb3þ co-doped TLT glasses excited with an argon laser at 488 nm.
M.S. Figueiredo et al. / Journal of Luminescence 157 (2015) 365–370 367
infrared wavelength (low energy) of the ytterbium. One way to
quantify the efﬁciency of the DC energy transfer (ηET) from Er3þ to
Yb3þ is to use the luminescence lifetime (τ) of the donor in the
relation [31,32]:
ηET ¼ 1
τEr=Yb
τEr
; ð1Þ
where τEr=Yb and τEr are the decay times measured for the Er
3þ/
Yb3þ co-doped samples and the sample with erbium ions alone,
respectively. In the present case, the lifetime of 4S3/2 level for
different doping samples was chosen to estimate ηET. Although it is
less resonant to the CR mechanism, its lifetime is not so short and the
luminescence intensity is very appropriate to ﬁnd most accuracy
results. The main responsible to the CR mechanism it is the resonant
4F7/2-4I15/2 transition, but its luminescence could not be observed
due the overlap with the glass emission.
Fig. 5(a) shows the Er3þ emission decay curves (4S3/2-4I15/2)
obtained at 545 nm using an excitation pulse at 488 nm, as a
function of the Yb3þ amount. At low Yb3þ concentrations, the
curve could be described by a simple exponential function.
However, at high levels of Yb3þ , the DC process was more evident
and the emission decay curves did not follow a simple exponential
function. By integrating the emission decay curves, as usually done
for no exponential curve behavior, it was possible to determine the
average luminescence decay times for the samples (Fig. 5(b)),
which diminished from 28.6 μs (for Er3þ alone) to 12.7 μs when
the maximum concentration of Yb3þ was used in the co-doped
sample. As discussed above, this reduction was due to the CR
mechanism that contributed to the DC process. Eq. (1) was used to
determine the ηET values shown in Fig. 5(b), which always
increased with the addition of ytterbium. The maximum ηET value
(56%) was observed for the TLT sample doped with 2.21020 Er3þ
ions/cm3 and 17.71020 Yb3þ ions/cm3. This efﬁciency was higher
than observed previously for other Er3þ/Yb3þ co-doped matrices
[33,34]. It is important to mention that the sample with maximum
ηET does not exhibit maximum luminescence intensity of the Yb3þ .
As seen, the Yb3þ luminescence was inﬂuenced by different
mechanisms, such as energy migration for impurities due inter-
action between Yb3þ ions and back energy transfer effect. Not all
these loss mechanisms from Yb3þ are dependent to the energy
transfer from Er3þ to Yb3þ . In this case, the 2.21020 Er3þ ions/
cm3 and 8.81020 Yb3þ ions/cm3 co-doped TLT glass was the best
one when luminescence and energy transfer mechanism are
considered.
In order to view the 4F7/2-4I15/2 emission and to verify its
dependence with Yb3þ concentration, excitation spectroscopy was
developed at the studied sample set. For this experiment, the Er3þ
emission was registered at 550 nm and the excitation was ranged
from 471 to 510 nm. As shown in Fig. 6, there was a reduction in
the luminescence intensity when Yb3þ was added into the glass.
This behavior is similar to that discussed above by registering the
luminescence emission from 510 to 580 nm with excitation at
488 nm.
As discussed above, the spectroscopic analyses revealed the
existence of a CR mechanism in Er3þ/Yb3þ co-doped tellurite glass
that was characterized by high energy transfer efﬁciency. It is
likely that this effect decreased the probability of nonradiative
decay from 4F7/2, 2H11/2 and 4S3/2, and from the levels with less
energy. As a result, the rate of radiative decay in the host increased
as a function of the Yb3þ concentration, and a reduction was
expected in the fraction of the absorbed energy converted into
heat by the sample (φ), as a function of the activator concentra-
tion. In order to test this possibility, thermal lens spectroscopy
(TLS) was used for the ﬁrst time for this purpose. In this method,
after absorption of the pumped laser beam, the sample undergoes
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a temperature change that results in a local shift in the refractive
index that is greater when the rate of nonradiative relaxation in
the sample is high. Fig. 7(a) shows the TLS results for the TLT
sample with 2.21020 ions/cm3 of Er3þ and 4.41020 ions/cm3 of
Yb3þ , using different excitation powers (Pe). The same behavior
was observed for the other samples. Use of the theoretical model
proposed by Shen et al. [35] to ﬁt the experimental curves enabled
determination of the TL signal amplitude (θ), deﬁned by the
expression [23]:
θ¼ αLef fφCPe; ð2Þ
where α is the optical absorption coefﬁcient, Leff¼(1eαL)/α
is the effective thickness of the sample, L is the thickness and C¼
(ds/dT)/Kλp considers intrinsic parameters of the host, with K being
the thermal conductivity, ds/dT the temperature coefﬁcient of the
optical path length, and λp the probe beam wavelength. The
thermal lens characteristic time constant, tcp1/K [23,24,35], is
also determined by ﬁtting the experimental curve, from where it
was possible to determine K¼(6.670.5)103 W/K cm for all the
studied samples. This value is in good agreement with the
literature [33]. The obtained value for K was constant for the
different doping concentrations, within our experimental error
(o8%), indicating that C can be considered a constant dependent
mainly on the characteristics of the host matrix. So, for our
purpose, the C value determined recently for a TLT glass (C¼34W1)
[36] was used as reference value to determine φ [37].
According to Eq. (2), a linear relationship exists between θ and
Pe, as shown in Fig. 7(b) for three different samples. There was a
reduction in the angular coefﬁcient when ytterbium was included
in the glass matrix. When the Er3þ/Ybþ3 co-doped TLT glasses
were excited at 488 nm, the product αLeff was constant (at 0.53)
for all the samples, indicated that the observed reduction in the
angular coefﬁcient was due to the fraction of absorbed energy that
was converted into heat (φ).
The θ/Pe values shown in Fig. 7(b), with αLeff¼0.53 and
C¼34 W1, were used in Eq. (2) to determine the φ values for
all the samples studied (Fig. 8). There was no signiﬁcant change in
φ at low amounts of ytterbium, while at high co-dopant levels
there was a decrease of 16% in the φ value, which was related to
a reduction in the temperature change (ΔT) of the sample caused
by excitation with the laser beam during the TLS procedure. By
using the heat conduction equation described in the literature
[23,24,35], it was possible to estimate, in the center position of the
Gaussian excitation beam (at radius1 μm), a reduction in ΔT
of 21% due to the presence of Yb3þ . As expected, this indicated
that the DC mechanism reduced the rate of nonradiative decay
from 4S3/2, 4F9/2 and 4I9/2 levels. This reduction could be higher if
energy migration for impurities due interaction between the Yb3þ
ions and back energy transfer effects were not observed in Er3þ/
Yb3þ-doped tellurite system.
4. Conclusions
The occurrence of the energy transfer process in Er3þ/Yb3þ
co-doped tellurite glass could be observed by measuring different
thermo-optical parameters: visible and near-infrared emissions,
luminescence decay times, and sample temperature. A decrease
in erbium visible emission and a corresponding increase in
infrared emission from ytterbium were observed, as a function of
ytterbium concentration, indicating the existence of the down-
conversion effect. The Er3þ visible luminescence decay time
was estimated with maximum efﬁciency of 56% for the cross-
relaxation mechanism (from Er3þ to Yb3þ). Thermal lens spectro-
scopy showed that there was a reduction in the fraction of the
absorbed energy converted into heat when more Yb3þ was added
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as a co-dopant in the tellurite glass. This reﬂected a reduction of
21% in the sample temperature, which is signiﬁcant for materials
that exhibit DC effects. To the best of our knowledge, this is the
ﬁrst time that the sample temperature change has been deter-
mined and related to the cross-relaxation mechanism.
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